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Summary
Introduction: Accurate positioning and sizing of the femoral component in total knee arthro-
plasty is important for stability and functional outcome.
The purpose of the study was to evaluate the bony proﬁles of the distal anterior femoral
cortex (AFC).
Materials and methods: Anatomical bony landmarks on 50 adult cadaveric femora were col-
lected. Critical points were used to identify the distal AFC surface.
Results: There were four anterior cortex proﬁles: (1) lateral side highest and medial side lowest
(56%); (2) lowest height in median area (26%); (3) highest height in median area (14%); (4) medial
side highest and lateral side lowest (4%).
Discussion: Anterior referencing in TKA needs to represent the anterior shape of the distal
femoral cortex to prevent notching, femoro-patellar overstufﬁng or ﬂexion gap mismanage-
ment. Due to the variability of the AFC, surgeons have to carefully select the AFC landmark to
be sure of avoiding complications.
Level of evidence: : Level IV. Experimental study. Basic research.
© 2011 Elsevier Masson SAS. All rights reserved.
aIntroductionAccurate positioning and sizing of the femoral component in
total knee arthroplasty (TKA) is important for tibio-femoral
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doi:10.1016/j.otsr.2011.09.009nd patello-femoral stability [1—4], as well as for func-
ional outcome [5]. This depends on preoperative planning
nd the landmarks chosen at the time of surgery. Tradition-
lly, the alignment of the femoral component is assessed by
our anatomical reference landmarks: (1) the anteroposte-
ior (AP) axis [6], (2) the trans-epicondylar axis (TEA) [7], (3)
he posterior condylar axis (PCA) [8] and the anterior distal
emoral cortex [9].
Generally, two different methods are used for the selec-
ion of femoral size; either ‘‘anterior referencing’’ using
served.
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Figure 1 Arrangement of equipment showing the orientation
of the bone specimen and the position of the rigid-body active
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he anterior femoral cortex (AFC) as a reference for jigs to
etermine the amount of anterior distal femoral resection
nd the size of the femoral component [10] or ‘‘posterior
eferencing’’ using the PCA as a reference. The term
‘measured resection’’ refers to the concept of measuring
he AP dimension of the distal femur to resect the amount of
one that is equal to the thickness of the intended prosthe-
is. In practice, anterior or posterior referencing jigs are
sed to select and cut the intended femoral size. These
echniques are referred to as ‘‘size-matched resection’’,
nowing that surgeons have to choose within a set of femoral
mplant sizes which could differ from the true/ideal femoral
ize [11].
When using anterior femoral referencing, there are three
ossible alternatives for the femoral component. The ﬁrst is
perfect ﬁt size implant which is the obvious best option.
nfortunately, this option is not always available, so then
he surgeon has to decide between a smaller size that
ncreases the ﬂexion gap or a bigger size that reduces the
exion gap of the knee. Conversely, using posterior condy-
ar referencing, the three alternatives are a perfect size,
smaller implant that could notch the AFC [12] or a big-
er implant that could overstuff the patellofemoral joint
FPJ). Notching the AFC decreases axial and torsional load
o failure and increases the risk of periprosthetic fractures
13] and overstufﬁng the FPJ increases the extensor mecha-
ism tightness and subsequently reduces postoperative knee
exion [14]. Therefore whatever sizing option the surgeon
ecides to select during TKA, the anterior cortex reference
as to be carefully identiﬁed in order to avoid complications
elated to inappropriate sizing or inappropriate femoral
omponent placement and rotation.
The aim of the study was to evaluate the normal bony
roﬁles of the distal AFC and its relation to the PCA to under-
tand its morphology so that it may become an accurate and
eliable reference in sizing and positioning of the femoral
omponent.
aterials and methods
his work was completed under the Anatomy Act (Scotland)
984 and therefore did not require review by an Ethics Com-
ittee. Fifty femur bones were sampled from a large bone
ibrary based at the Laboratory of Human Anatomy, Univer-
ity of Glasgow. The bones selected were of unknown age,
ex and race, 24 were from the right side and 26 were from
he left side. Any bones that were either poorly preserved,
raumatically deformed or had arthritic disease of sufﬁ-
ient degree to compromise accurate measurements were
xcluded from the study. None of the femurs had matching
atella and therefore size, shape and position of the patella
ould not be analysed.
An optoelectronic system based around the Orthopilot®
Aesculap; Tuttlingen, Germany) computer-assisted surgical
avigation system with the software customised to collect
ultiple data points using the standard anatomical landmark
dentiﬁcation code was used. The system consisted of an
ptical localiser (Northern Digital Inc., Waterloo, Ontario,
anada), two rigid-body active markers containing light-
mitting diodes (LEDs) (Aesculap AG+Co. Kg, Tuttlingen,
ermany) and customised software (Aesculap AG+Co. Kg,
•arkers.
uttlingen, Germany). Each bone specimen was positioned
sing two clamps that were connected to a vertical stand
ith the femur orientated distal to proximal with its lat-
ral surface facing the camera; this was in order to ease the
ccurate registration of points (Fig. 1). One rigid body was
ecurely connected to the bottom of the vertical stand and
sed as a reference marker. A pointed probe was attached
o the other rigid body and used to locate the anatomical
andmarks on the bones. The landmarks were recorded as
set of three-dimensional Cartesian coordinates. The com-
uter interface allowed the position and orientation of the
ointed probe to be displayed on screen; this aided the accu-
ate acquisition of landmark coordinates. To determine the
inear and angular dimensions of the parameters to be mea-
ured, 53 anatomical landmarks (points) were collected on
ach femur by a single observer. The intraobserver variabil-
ty of point collection was calculated by taking 10 repeat
easurements of the PCA and TEA on a single femur.
eometric constructions
he 53 individual anatomical landmarks were located on
ach bone in order to deﬁne speciﬁc axes, planes and sur-
aces:
the femoral mechanical axis (FMA) is derived from a line
connecting the centre of the hip to the centre of the knee
[15];
the PCA deﬁned as the line tangent to the posterior condy-
lar surfaces [16];
the posterior condylar plane (PCP) was deﬁned as the
plane parallel to the sagittal mechanical axis of the femur
and containing the PCA [17];
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Figure 3 Cross-sections of the anterior femoral cortex show-
ing the different proﬁle groups.
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(AFP) and division to medial, central and lateral areas.
• the transepicondylar axis (TEA) was the line connecting
the point on the lateral epicondyle to the point on the
medial epicondyle [7];
• the AFC surface was represented by nine points taken on
the non-articular distal femoral surface proximal to the
cartilaginous trochlea of the femur [9];
• the anterior femoral plane (AFP) was derived from the
AFC and represented the best-ﬁt plane through the AFC.
All the landmarks for each bone were collected in a single
session, each landmark giving a speciﬁc data point. The sur-
face of the AFC was divided into lateral, central (median)
and medial areas and the mean heights of each of these
areas and then the mean height of the whole AFC from the
PCP were calculated (Fig. 2). The angles between the AFP
and both the PCP and TEA were also calculated.
Data were analysed using SPSS 17.0 (SPSS Inc., Chicago,
IL, USA) and Excel 2003® (Microsoft Corp., Redmond, WA,
USA) to calculate descriptive statistics for each axis.
Results
For the repeated measurement of the angle between the
PCA and TEA on a single femur intraobserver variability
showed a SD of 0.5◦ and range of 1.8◦.
For the 50 femora, the mean height of the AFC as mea-
sured from PCP ranged from 40.8 to 56.7mm (mean value
50.1mm). Four different types of proﬁle were seen on for
the surface of the AFC. The most common (28 femurs, Group
1) was with the lateral side being the highest area above the
PCP and the medial side being the lowest. The second (13
femurs, Group 2) was the central area being the lowest with
both medial and lateral sides being higher and of similar
heights. The third (7 femurs, Group 3) had the central area
being the highest and the fourth (2 femurs, Group 4) had the
highest area on the medial side with the lowest area being
on the lateral (Fig. 3).The AFP was, on average, 1.3◦ externally rotated in rela-
tion to the PCP with Group 1 being internally rotated in
relation to PCP (2◦ to 10◦) and all other groups having the
AFP more externally rotated (Fig. 4). This was consistent
ﬂ
w
w
tigure 4 Angle between anterior femoral plane (AFP) and
osterior condylar plane (PCP) in the different proﬁle groups.
ith the deﬁnition of the groups based on the direction on
he slope of the AFC.When comparing the angle between the
CP and the TEA, it was found that the medially high pro-
les had a larger angle (mean 5.4◦) than the laterally high
roﬁles (mean 3.8◦) meaning the TEA was more externally
otated in the medially high proﬁles.
iscussion
he distal femoral morphology varies widely and anatomical
ariations in the shape of this surface could affect mea-
urements based on the anterior referencing techniques but
ould also affect anterior cortex notching and the FPJ space
n posterior referencing. The posterior condyles are com-
only referenced for sizing the femoral component and if
here is size mismatch between the host bone and femoral
omponent, this can overstuff the FPJ and decrease knee
exion. One study showed that checking the anterior cortex
hen posterior referencing was used resulted in resections
ell matched to the implant thickness regardless of the sys-
em or manufacturer [14]. This highlights the relevance of
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he anterior cortex in femoral component sizing and the
mportance of understanding its relationship to the other
eferences used in TKA. The aim of the study was to evaluate
he normal bony proﬁles of the distal AFC to understand its
orphology so that it may become an accurate and reliable
eference in sizing and positioning of the femoral compo-
ent.
This study has a number of limitations. The absolute
ccuracy of the landmark acquisition is unknown. The error
f the system used is given as 1mm by the manufacturer
Aesculap AG+Co. Kg, Tuttlingen, Germany) but the accu-
acy with which individual landmarks were identiﬁed was not
easured. Small errors in locating landmarks can lead to sig-
iﬁcant errors of anatomical reference frames. In the knee,
7mmAP error in identifying one of the femoral epicondyles
ould correspond to approximately 5◦ of rotational error in
he transverse plane [18]. However, intraobserver variability
nalysis showed very good reproducibility. Another limita-
ion is that the bones that were sampled were of unknown
ge, sex and race and therefore may not represent the popu-
ation of actual femurs. Additionally none of the femurs had
atching patella, which meant that no further analysis of
he anterior femoral anatomy could be undertaken. Finally,
his is an in vitro study and, therefore, in vivo comparison
ay also be helpful.
We found four distinct AFC proﬁles, which are of techni-
al signiﬁcance during TKA. Group 1 had the highest point
n the lateral aspect with the lowest point on the medial
spect of the AFC which puts the AFP in internal rotation
ith respect to PCP, with actual rotations of 2◦ to 10◦ seen.
verall, even though average AFP of the whole series had
xternal rotation of 1.3◦ to PCP, by deﬁnition this was not
een in Group 1. Therefore, for Group 1 aligning the femoral
omponent to the AFC (and therefore AFP) during TKR is not
uitable to orient it in external rotation. This group, which
ould show the ‘‘grand-piano’’ sign usually described after
nterior femoral bone resection [19], was the commonest
roﬁle but actually only 56% of femurs demonstrated this
attern. The selection of different parts of an anterior cor-
ex with this proﬁle as the reference point would have the
ollowing effects. If the surgeon chose to align the femoral
omponent to the highest point of the lateral aspect of
he distal femur, this could result in overstufﬁng the FPJ
r increasing the ﬂexion gap. On the other hand, if the sur-
eon chose to align the femoral component to the lowest
oint of the distal femur (medial side), this could result in
otching the anterior cortex or reducing the ﬂexion gap.
inally, if the surgeon logically chose to externally rotate the
emoral component then the anterior lateral cortex would
lso be exposed to notching. This has obvious implications
n regard to prosthetic knee component positioning and siz-
ng.
In group 2, there was a ‘‘dip’’ in the middle of the AFC.
election of this point as a reference could lead to notch-
ng themedial and lateral cortices when aligning the femoral
omponent to PCA or, if externally rotating the femoral com-
onent, the lateral femoral cortex only. This group would
emonstrate the ‘‘boot sign’’ on the cut anterior surface
19]. This variability leads to a higher incidence of notch-
ng of the AFC which could contribute to postoperative
omplications such as supracondylar fractures [12]. Middle-
on et al. found that more externally rotated implantation
n
m
r
aS.R. Page et al.
f the femoral component has a higher risk of notching the
FC [20].
In group 3, the AFC had a convex shape. Selection of the
entral landmark would bring the femoral component for-
ard and overstuff the FPJ. Overstufﬁng the patello-femoral
ompartment has been shown to increase the forces and
tresses of the patella [21,22]. On the other hand, slightly
otching the anterior cortex is another option to avoid over-
tufﬁng the patello-femoral joint [23].
In group 4, where the highest point is on the medial side
nd the lowest on the lateral, the whole distal femur appears
o have a ‘‘twisted’’ shape. For these selection of the lateral
spect of the distal femur could result in notching the ante-
ior cortex unless the femoral component rotation is aligned
o the AFC.
The mean angle between AFP-PCP was 1.3◦ ± 3.4◦ in
xternal rotation, showing consistency with the other con-
entional landmarks and indicating the potential to be an
ccurate point of reference for femoral component rota-
ion, which agrees with previous data [9]. However, when
omparing the angle between the PCP and the TEA, it was
ound in those proﬁles with a medial high proﬁle that the
EA was more externally rotated or the PCP was more inter-
ally rotated due to lateral condyle hypoplasia for instance.
revious studies have shown that this angle is in the range
f 3◦—6◦ [1,2,7,24]. Our result was very close to that of
rima et al. [6] who reported 4.4◦ ± 2.9◦ using radiographs
o calculate rotational alignment. In their CT scan-based
ssessment of patella alignment, Abadie et al. showed that
CP/TEA angle was smaller with centered patella (6.5◦) than
ith lateralized patella (8◦) [25]. Our study was on dry bones
e could not assess the patella, However, according to the
ame authors, the anterior trochlear angle (line between
he most prominent femoral anterior articular surfaces) was
maller with small PCP (−7.74◦) and greater with high PCP
−10.32◦), which would suggest that that high lateral pro-
les have high ATA and high medial proﬁles have small ATA.
The anterior cortex landmark is used in both conventional
nd computer-aided techniques. CT-free navigation systems
ecommends either the selection of a single landmark or sev-
ral points to deﬁne the exit point to AFC with respect to
he FMA and the PCA [26,27]. One study showed that nav-
gation systems for TKA have the potential risk of notching
f the AFC, a risk that surgeons and technicians using nav-
gation systems should be aware of [28]. A single landmark
s is used in certain navigation systems may not be sufﬁ-
ient to determine the morphology at the AFC [29]. Other
ystems using a number of landmarks may offer signiﬁcant
mprovements [30,31]. It is therefore crucially important to
ay attention to the anterior landmarks when using naviga-
ion particularly when using minimally invasive surgery with
imited access and visibility above the femoral trochlea [32].
onclusion
nterior referencing in TKA needs to represent the actual
nterior shape of the distal femur cortex to prevent femur
otching, femoro-patellar overstufﬁng or ﬂexion gap mis-
anagement. In the use of both anterior and posterior
eferencing, the femoral component needs to be appropri-
tely adjusted to the anterior distal cortex. This is true in
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[Proﬁle of anterior femoral cortex
conventional and navigation surgery. This study found the
highest point on the lateral aspect of the AFC was the com-
monest proﬁle but other distal femoral shapes have been
identiﬁed and must be recognized during TKA to adjust the
femoral component AP position.
Therefore surgeons have to carefully select the AFC land-
mark to be sure of avoiding complications.
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